Ebonex
Co-Magneli phases electrocatalysts for hydrogen/oxygen evolution
Perica
Introduction
Recent intensive development of hydrogen economy as an alternative energy system in the future imposes invention and research on new effective electrode materials. The modern electrode materials are composed of nanostructured catalytic phase dispersed over the support material that has to possess several very important characteristics, such as: i) highly developed surface area to provide better dispersion of the nano-scaled catalytic particles; ii) high electric conductivity to allow efficient electron transfer to ions involved in the electrochemical reactions, iii) mechanical and chemical stability and iv) to improve intrinsic catalytic activity of the active catalytic phase through the strong metalesupport interaction (SMSI) [1, 2] . Carbon nanostructured materials such as carbon blacks are commercially the most used support material [3, 4] , due to their high surface area, conductivity and compositional homogeneity. Recently, implementation of carbon nanotubes as a catalyst support is the subject of intensive research [5e7] . But, carbon shows moderate interaction with the catalytic phase and lack of stability especially in anodic electrode reaction such as oxygen evolution.
To improve interaction with catalytic phase and consequently catalytic activity, d-metal (or its compound) with lower electronic density in the d-band has been involved. This improvement of the catalytic activity is based on the Jak si c's theory for hypoehyper d-electrocatalysts formation [8, 9] . In this context, TiO 2 has shown unique SMSI behavior [1, 2] . Also, TiO 2 as well as other metal oxides have high chemical stability, but they are non-conductive. Thus, their use in water electrolysis or energy conversion in fuel cells must be accompanied by the carbon phase.
Some of the transition metal oxides have potential to be possible electrode or support materials [10] . Recently, socalled Magneli phases, i.e. titanium non-stoichiometric oxides with general formula Ti n O 2nÀ1 (4 < n < 10), have been considered as a very promising support material due to their high chemical stability and high electric conductivity. Especially, the first two suboxides of the series (Ti 4 O 7 and Ti 5 O 9 ) show the highest conductivity of z1500 S cm À1 (for single crystal) [11] . Structure, physical properties and electrochemical behavior of the Magneli phases in various media and application are given elsewhere [12, 13] . They show high overpotential for both hydrogen and oxygen evolution as well as slow charge transfer kinetics. Because of this, they are more suitable as support material than the electrode one [14, 15] . As a support material, Magneli phases have bifunctional role e support (high conductivity dispersion) and improvement of intrinsic catalytic activity of the electrocatalyst as a result of the interaction with metallic catalytic phase (SMSI). On the other hand, they show high chemical stability. But, their main disadvantage is the low specific surface area [16] . The only commercial product known as Ebonex Ò (Altraverda Inc., UK) is micro-scaled material. In the Jak si c's series of investigations [16e18] for oxygen reduction reaction, the maximal achieved specific surface area by mechanical treatment of Ebonex was 1.6 m 2 g
À1
. Small specific surface area cannot provide sufficient dispersion of the nano-scaled catalytic phase. "Topedown" methods for reduction of Ebonex grain size and further appropriate impregnation method for nano-scaled metallic phase grafting over the Ebonex support (boron-hydride method [19] or ultrasonic blending of Pt salt solution and previously mechanically treated Ebonex [16, 17] ) can give satisfactory results for oxygen reduction reaction. Synthesized Pt/Ebonex catalyst, in comparison with polycrystalline Pt, has shown the enhancement of the catalytic activity for oxygen reduction reaction [17] .
The aim of this work is to determine the maximal possibility of mechanical reduction of Ebonex grains used as electrode support material for water electrolysis. As metallic phase grafted over the Ebonex support, cobalt (non-platinum metal) was used. The synthesized Co/Ebonex catalysts are tested for hydrogen/oxygen evolution. This is continuity of our previous papers [20e24] concerned with the development of non-platinum electrocatalysts for water electrolysis.
Experimental
First of all, Magneli phases (trade name Ebonex The size of the Ebonex grains was determined by means of TEM analysis. TEM observation was performed by Transmission Electron Microscope JEOL JEM 100B with 60 kV accelerating voltage.
In the next experimental phase, electrocatalysts were prepared. The studied electrocatalysts contain 10 wt.% Co metallic phase deposited on the previously mechanically treated Magneli phases. These electrocatalysts are of hypoehyper d-type, whereat Co is a hyper d-metallic phase, while Magneli phases are hypo d-oxide phase. They were prepared using sol-gel procedure [20] . As precursors for hyper d-metallic phase organometallics were used (Co-2,4-pentanedionate, Alfa Aesar, Johnson Matthey, GmbH). Co-2,4-pentanedionate was added into dispersed Magneli phases in anhydrous ethanol. This mixture was evaporated at 60 C with continuous intensive stirring until fine powder was obtained. This procedure was repeated for each different mechanically treated sample of Magneli phases. Shown in Table 1 is the scheme of the studied electrocatalysts samples.
The prepared electrocatalysts series were observed by SEM microscopy, while the surface composition was determined by means of EDS analysis. For this purpose, Scanning Electron Microscope JEOL 6390 with EDS Oxford Inca Energy 350 was used.
The electrochemical characterization was performed by means of cyclic voltammetry and steady-state galvanostatic method. Working electrodes (three-phase gas-diffusion electrodes) were prepared by hot pressing at 300 C and pressure of 300 kg cm À2 [25] . They consist of two layers: i) catalytic layer facing the electrolyte, covered by tested electrocatalyst with low amount of polytetrafluoroethylene (PTFE) and ii) gas-diffusion layer facing the gas side consisted of Vulcan XC-72 bonded with PTFE. Electrochemical investigations were performed using AMEL equipment (Function Generator AMEL 568, Potentiostat/ Galvanostate AMEL 2053 and software package SOFTASSIST 2.0). The counter electrode was of platinum wire and the reference electrode e Hg/HgO. The electrolyte was an aqueous solution of 3.5 M KOH (p.a., Merck) at room temperature. 
3.
Results and discussions
Effect of the mechanical activation on the size of support material
To determine the size of the support material particles, TEM analysis was performed (Fig. 1) . The support's grains shown in corresponding TEM images were chosen as the average ones after comprehensive scan of the sample surface. The size of the support particles decreases from 700 nm in the sample with untreated Magneli phases to 215 nm in the sample with Magneli phases treated for 20 h. The influence of the mechanical treatment duration on the average size of the particles of Magneli phases, determined by TEM analysis, is shown in Fig. 2 . The catalysts containing support material treated for 16 and 20 h show very close values of support's particle size, 230 and 215 nm respectively. Shown in Fig. 3 are SEM images of the electrocatalysts containing cobalt deposited on Magneli phases mechanically treated for different time. The catalysts support (Magneli phases) forms mostly micro-scaled and less submicron aggregates, while Co phase e the active catalytic centers are very small and uniformly dispersed over the support's aggregates. In our previous studies [7,21e24] was shown (by XRD and TEM analysis) that the size of Co particles, produced by the mentioned sol-gel method and corresponding organometallic precursor, is near 2 nm. Thus, one can consider that Co particles in all studied samples are of the same size, near 2 nm. The presence of holes between the aggregates is evident, which contributes to better inter-particle porosity and higher specific surface area. This is favorable for electrocatalytic activity. It is Fig. 3a , that the electrocatalyst deposited on non-treated Magneli phases shows very large aggregates and lack of holes. As the time of mechanical treatment of Magneli phases increases, the aggregate size decreases, the number of holes between aggregates increase and consequently interparticle porosity increases. As in the previous TEM analysis, the last two catalysts deposited on support mechanically treated for 16 and 20 h (Fig. 3e and f) , show similar SEM characteristics, superior related to the other samples.
According to EDS analysis (see Table 2 ) performed on the corresponding points within the SEM images, it is perceptible that surface concentration of cobalt phase varies in the studied samples. As the duration of mechanical treatment rises, the Co surface concentration decreases. But, the electrocatalysts deposited on support treated for 16 and 20 h show almost the same surface quantity of Co. These two catalysts show very close average size of both the catalyst's aggregates (SEM analysis, Fig. 3 ) and support's particles (TEM analysis, Figs. 1 and 2) . Thus, the surface concentration of metallic catalytic phase (cobalt) depends on the size of catalyst support. Weight percentage of Ti, Co and O point out that Co on the surface is in oxide state. Also, one can say that Magneli phases were not contaminated by the balls of the planetary mill during the mechanical treatment.
Cyclic voltammetry
The voltammogram of Co/Ebonex catalyst (Fig. 4) is typical for Co in alkaline electrolyte [26] . This shape is characteristic for all studied electrocatalysts, differing only in the values of the current density, i.e. in the intensities of corresponding peaks of surface or electrode processes. The peak A at À0.55 V vs. Hg/ HgO reference electrode, corresponds to transformation of Co (0) to Co(II). Its asymmetric shape is result of heterogeneous forming of Co(OH) 2 and CoO into so called sandwich-structure Co/CoO/Co(OH) 2 [27] . The transformation of Co(II) to Co(III) is shown by peak B. There is also a sandwich-structure CoO/Co (OH) 2 /Co 3 O 4 [28] , which implies asymmetry of the peak. The peak B 0 near À0.26 V, denotes the opposite transformation. It is obvious that the reaction Co(II) $ Co(III) is irreversible. The peak C denotes oxygen evolution reaction. The stretched peak A 0 in the potential region of À0.7 to À1 V denotes mainly Co(II)
to Co(0) reduction. The shifted potential related to the peak A indicates irreversibility of this transformation too. The peak D corresponds to occurrence of hydrogen evolution reaction. One could regard the gas-diffusion electrode as a complex, composed of number of individual nano-scaled electrodes. The electrical contact between separate grains is not always with zero resistance, so that the existence of IR drop is possible component for some grains. Consequently, the real electrochemical potential of individual grains varies over a span of values. This causes the peak potential, as well as the whole position of the peak, to vary, thus causing the overall peak to appear less shaped and irregular.
Shown in Fig. 5 is the voltammogram of pure Magneli phases mechanically treated for 20 h. There are more, but less structured peaks (A, B, C, A 0 , B 0 and C 0 ) of surface processes with intensities considerably lower than those originating from the corresponding Co-based catalyst. These peaks indicate transition of the non-stoichiometric titanium oxides from lower to higher oxidation state (peaks A, B and C) and the opposite transition to lower oxidation state consequently (peaks A 0 , B 0 and C 0 ). Because Magneli phases are composed of many different non-stoichiometric titanium oxides in homologous order defined by Ti n O 2nÀ1 (4 < n < 10), it is very difficult to define the exact surface reaction or to clarify distinction between the different surface reactions that occur. So, each peak of the surface reactions is a resultant of the oxidation state transitions of all non-stoichiometric oxides present in the Magneli phases. These peaks cannot be registered in the previous voltammogram of the Co-based electrocatalysts (Fig. 4) because their intensity is approximately 10e20 times lower than that of the peaks originating from Co surface reactions.
Catalytic activity for hydrogen and oxygen evolution
Electrocatalytic activity of the studied Co/Ebonex electrocatalysts for hydrogen evolution is shown in Fig. 6 . It is well noticeable that while the duration of mechanical treatment of Magneli phases rises, i.e. the size of the catalyst support particles decreases, the catalytic activity for hydrogen evolution increases. This rising trend of catalytic activity is more evident in the diagram shown in Fig. 7 . It shows dependence between the overpotential for hydrogen evolution at 100 mA cm À2 and the time of the mechanical treatment. From both figures, it is clear that the catalytic activities of Co electrocatalysts deposited on Magneli phases treated for 16 and 20 h are very close. This is predictable from the above exposed SEM, EDS and TEM analysis. In all analysis, the structural characteristics of both electrocatalysts such as size of the catalyst's aggregates and particles and distribution of Co catalytic centers over the catalyst's surface were very similar (see Section 3.1). This means that the optimal duration of the mechanical treatment of Magneli phases is in the range of 16e20 h. Further mechanical treatment cannot decrease the particle size of Magneli phases and consequently cannot increase the catalytic activity of Co/Ebonex for hydrogen evolution. This can be explained by the fact that during mechanical reduction of the particle size, the increase of the surface area is followed by considerably increase of the surface energy making the treated material thermodynamically unstable. The mechanism by which the material can be transferred to thermodynamically stable state (reduction of the overall energy) is agglomeration of the grains. Let's compare catalytic activity of the best behaved catalyst in this series (Co/Ebonex treated for 20 h) with corresponding electrocatalysts deposited on different support materials from the previous studies (see Table 3 ). As an indicator for electrocatalytic activity for hydrogen evolution, overpotential at reference current density of 60 mA cm À2 is taken.
Comparing Co/Ebonex catalyst (No. 1 in Table 3 ) with corresponding Co catalyst deposited on Vulcan XC-72 (No. 2 in Table 3 [23]), one can see slightly better catalytic activity of the Co/Ebonex expressed by 15 mV lower overpotential for i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 5 ( 2 0 1 0 ) 1 0 0 7 3 e1 0 0 8 0 hydrogen evolution. Because Co phase in both cases has the same structural characteristics, the difference in the catalytic activity is a result of different properties of the catalyst's support. Vulcan XC-72 has very high surface area (z250 m 2 g À1 ), considerably higher than studied Magneli phases, thus it is expected the catalyst deposited on Vulcan XC-72 to show better activity. But, due to the nature of Magneli phases e titanium oxides, they behave as hypo d-component which interacts to metallic hyper d-phase (Strong MetaleSupport Interaction, SMSI) achieving synergetic effect of intrinsic catalytic activity for hydrogen evolution. Thus, the contribution of lower real surface area of the Co/Ebonex catalyst in the whole catalytic activity is compensated with considerably improved intrinsic catalytic activity, resulting in better activity for hydrogen evolution related to corresponding Co catalyst deposited on Vulcan XC-72.
Co electrocatalyst deposited on grafted TiO 2 (anatase) on the Vulcan XC-72 (No3 in Table 3 [23]) shows higher catalytic activity for hydrogen evolution than that of Co/Ebonex, expressed by difference in overpotential for 85 mV. This rise of catalytic activity is result of both synergetic increase of intrinsic activity through hypo-hyper d-interaction between Co and anatase and the highly developed surface area of Vulcan XC-72.
Further replacement of Vulcan XC-72 with activated multiwalled carbon nanotubes (No. 4 in Table 3 [24]) contributes to supplementary rise of the catalytic activity and the overpotential difference with the studied Co/Ebonex electrocatalyst shifted to even 150 mV. This rise of the catalytic activity is a result of very high real surface area of activated MWCNTs (twice higher than that of Vulcan XC-72 [23, 29] ) as well as improved trans-particle porosity. Due to the intrinsic geometric shape of MWCNTs (empty cylinders ordered one over the other), they possess inner holes, so the inner (transparticle) porosity of MWCNTs is considerably higher.
The inferior catalytic behavior of the studied Co/Ebonex electrocatalyst is result of poorer surface characteristics of Magneli phases related to the Vulcan XC-72 and MWCNTs. The lower surface area is a result of relatively large grains of Magneli phases (>200 nm). This study points out that this size of grains and further catalytic activity of Co/Ebonex electrocatalyst is maximum achievement of the mechanical reduction of micro-scaled commercial Ebonex. The electrocatalytic activity for oxygen evolution reaction is shown on the diagram in Fig. 8 . Normally, as the time of the mechanical reduction of Ebonex grains rises, the catalytic activity of corresponding Co/Ebonex catalysts for oxygen evolution increases. This is expressed by decrease of overpotential at current density of 100 mA cm À2 from 600 mV, for catalyst deposited on untreated Ebonex, to 360 mV for corresponding catalyst deposited on Ebonex treated for 20 h (see Fig. 9 ). But in this case, the catalytic activity reaches its maximal value even at catalyst deposited on Ebonex treated for 12 h. The difference between the last three electrocatalyst (Ebonex treated for 12, 16 and 20 h) is very small, thus the further mechanical activation of Magneli phase would not give further improvement of catalytic activity for oxygen evolution as well. Also, catalytic activity of the last three electrocatalyst (270e290 mV at 60 mA cm
À2
) is very satisfactory, compared to other similar electrocatalysts for oxygen evolution, for example, PtCo/Ebonex catalyst produced by boron-hydride reduction [19] .
The good catalytic behavior for oxygen evolution is connected to the formation of surface oxides and interaction between metallic phase (Co) and catalyst support (Magneli phases). Metalesupport interaction was clarified above. The electrode surface is composed of the oxide support and Co which is in oxide state at potentials close to oxygen evolution region (see. Fig. 4 ). In this case, Magneli phases behave not only as support material, but also, as an active oxide electrode.
The surface structure of the electrode in the solution is the feature that distinguishes the oxide electrodes [30] . Their surface is with high energy content and with strong hydrophilic character, so that it attracts water molecules and gives a layer of OH À groups on top of the oxide. This layer mediates the action of the oxide's surface with the solution species. The OH À groups are responsible for the exhibited electrocatalytic activity. The mechanism of surface charging of oxidized catalysts is quite different from that of bare metal surfaces, since it is governed by the pH-dependent acid-base dissociation of the surface OH À groups. Behaving as weak acids or basis, these groups exchange protons with the solution. This is the basis of the mechanism by which the inner sites can be active in reactions involving water molecules [31] .
Conclusion
The investigations presented in this paper were motivated by the idea to use Magneli phase as catalyst support for electrocatalysts aimed for hydrogen/oxygen evolution, instead of carbonaceous support materials. According to the achieved results the follow conclusions can be drawn:
1. As a result of the mechanical treatment, the size of the Magneli phases decreases as duration of the treatment increases, from 700 nm for untreated Ebonex to near 200 nm for electrocatalysts treated for 16 and 20 h. 2. The changes of the structural characteristics observed by TEM, SEM and EDS analysis as well as of the catalytic activity point out that the last two electrocatalysts deposited on Magneli phases treated for 16 and 20 h show very similar structural and electrochemical characteristics. So, the optimal duration of mechanical treatment of Magneli phases is in the range of 16e20 h. 3. Catalytic activity for hydrogen evolution increases as the duration of the mechanical treatment of catalyst support increases, i.e. particle size of catalyst support decreases. The highest catalytic activity show electrocatalysts deposited on Magneli phase treated for 16 and 20 h. But, this , mV Fig. 8 e Polarization curves of the studied electrocatalysts for oxygen evolution reaction. Anodic overpotential, mV
Time, h Fig. 9 e Plot of dependence between duration of mechanical treatment of the Magneli phases and overpotential for oxygen evolution reaction at current density of 100 mA cm L2 .
activity is inferior related to the corresponding electrocatalysts deposited on other support materials such as Vulcan XC-72 þ TiO 2 (anatase) or multiwalled carbon nanotubes, due to lower surface area of Magneli phases. 4. Also, the catalytic activity for oxygen evolution increases as the duration of the mechanical treatment of catalyst's support increases. In this case, high activities were achieved even at shorter duration of the mechanical treatment of support material e 12 h. Catalytic activity for oxygen evolution shows superior values related to the similar catalytic systems based on CoPt/Ebonex. During oxygen evolution, Magneli phases are not only support material, but also, active catalytic phase for oxygen evolution.
The above results point out the need to apply "BottomeUp" approach to synthesize nano-scaled non-stoichiometric titanium oxides (below 100 nm) instead of here applied "TopeDown" approach, whereat Magneli phases were produced in submicronscale. This will considerably improve the catalytic activity of nonplatinum electrocatalysts for hydrogen evolution, while extra-ordinary catalytic activity for oxygen evolution is expected. r e f e r e n c e s
